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SUPPLEMENTARY METHODS 

Study site and sample collection 
This study was conducted on the reef flat at the Gump South Pacific Research Station, 

University of California, Berkeley in Mo’orea, French Polynesia (17° 29' 25.5" S, 149° 49' 35.0" 
W) between November 23-27, 2009.  Both the smasher, Gonodactylus childi, and the spearer, 
Raoulserenea n.sp., co-occur in the same coral rubble habitat and live in coralline algae nodules 
and coral rubble crevices.  Seven individuals of each of these two stomatopod species were 
collected by hand on snorkel for stable isotope analysis.  Eight potential prey types were also 
collected: alpheid shrimp (Alpheus spp.), clams (Veneridae spp.), crabs (Xanthidae spp.), hermit 
crabs (Calcinus guamensis), fish (Dascyllus aruanus, Eviota spp., Rhinecanthus aculeatus), 
planktonic crustaceans (mostly Mysida spp.), snails (Drupella margariticola, Cerithium spp. 
Triphoridae spp.), and worms (Eunicidae spp.) (6-15 individuals per prey type, Table 2; taxa 
identification was based on the Moorea Biocode Project).  Alpheid shrimp, clams, crabs, hermit 
crabs, snails, and worms were collected from the same coral rubble pieces in which stomatopods 
were found.  Fish and plankton were collected with hand nets, though some fish were also found 
in the coral rubble.  Prey types were chosen based on [1], and it was assumed that both species of 
stomatopods would not consume prey that were much greater than roughly twice their maximum 
body sizes (G. childi: 27.28 mm, Raoulserenea n.sp.: 28.34 mm; a 65.21 mm long worm was the 
maximum prey size).  All collections were approved by the Délégation à la Recherche de la 
Polynésie Française and fish collections were approved by the University of California, Berkeley 
Animal Care and Use Committee (Protocol #R222-310). 
 
Sample preparation  

Upon collection, all animals were frozen and stored at -20°C until they were dissected 
and prepared for stable isotope analysis.  Before dissection, the animals were thawed, but kept 
chilled.  Except for plankton, total body lengths of all animals were measured to the nearest 0.01 
mm with digital calipers (G. childi: mean ± SD = 25.63 ± 3.61, range = 20.68-28.34 mm; 
Raoulserenea n.sp.: mean ± SD = 23.37 ± 2.61, range = 21.45-27.28 mm).  Prey items ranged in 
size from a 1.10 mm hermit crab dissected from its shell to a 65.21 mm worm. 

Hemolymph and muscle tissue from both stomatopod species were dissected following 
[2], but hemolymph was not well-preserved.  Thus, only muscle tissue was analyzed.  Muscle 
tissue was dissected from abdominal somites 2-6.  For all prey items except plankton, muscle 
was dissected and separated from the gut to prevent contamination from stomach contents.  
Planktonic organisms were analyzed as whole body samples combined into replicates of 0.5 g 
wet weight of plankton.   

All samples were freeze-dried for 48 hrs and homogenized before analysis.  Samples 
were then placed in tin capsules and weighed (Costech Analytical Technologies, Valencia, CA, 
USA; mean ± SD: 180 ± 50 µg). Continuous-flow isotope ratio mass spectrometry at the 
University of California, Berkeley Center for Stable Isotope Biogeochemistry was used to 
analyze carbon (δ13C) and nitrogen (δ15N) stable isotope ratios.  Specifically, elemental 
concentrations of C and N and stable isotope ratios were analyzed using a CHNOS Elemental 
Analyzer (vario ISOTOPE cube, Elementar, Hanau, Germany) coupled with an IsoPrime100 
Isotope Ratio Mass Spectrometer (Isoprime, Cheadle, UK).  Isotope ratios are expressed with 
delta-notation in parts per thousand (per mil, ‰) as: δh X = (Rsample/Rstandard-1) x 1000, 
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where h is the high mass number, X is the element, R is the high mass-to-low mass isotope ratio, 
and Rstandard is Vienna Pee Dee belemnite (VPDB) for carbon and air for nitrogen.  Peach leaves 
(Standard Reference Material [SRM] No. 1547, n=26, SD of δ13C and δ15N = 0.01‰) and bovine 
liver (SRM No. 1577, n=6, SD of δ13C = 0.06‰ and δ15N = 0.03‰) were used as references and 
standards and to correct for instrument drift and linearity.  Samples were analyzed without 
extraction of lipids or other compounds [2,3]. 
 
Data analysis 

Analyses were performed using R v. 3.3.0 software [4].  Stable isotope data were tested 
for normality using the Shapiro-Wilk test before further analysis.  Differences in δ13C and δ15N 
values between Raoulserenea n.sp. and G. childi tissues were evaluated using Welch’s two-
sample t-test.   

To determine the relative consumption of the different prey types in the diet for each of 
the two species, MixSIAR v. 3.1.6, a Bayesian framework, was used to estimate the proportion 
of each source (prey) in a mixture (predator diet) [5,6].  This framework allows for variability in 
predator diet using random, fixed, and continuous effects [7–9], while accounting for uncertainty 
in trophic discrimination factors (Δ, the difference between the predator and prey stable isotope 
ratios), concentration dependence (concentrations of carbon and nitrogen [10]), and variability in 
predator stable isotope values [11,12].  This model is somewhat sensitive to the choice of prior 
for the residual error.  MixSIAR v. 3.1.6 uses a chi-squared distribution with three degrees of 
freedom for this prior.  A later version of MixSIAR uses an uniform prior (0,20) that results in 
greater uncertainty in the posterior distributions of the estimated proportions of the diet.  

Experimentally determined trophic discrimination factors (DF) from the muscle tissue of 
the smasher species, Neogonodactylus bredini, were used in the mixing models (Δ15N= 0.9 ± 
0.3 ‰, Δ13C= 3.0 ± 0.6 ‰; [2]), hereafter denoted as “experimental DF’s”.  The results from this 
analysis were compared to those generated from models using mean DF’s that were calculated 
from literature DF values in mammals, birds, fishes, reptiles, and invertebrates (mean ± standard 
error from [13]: Δ15N = 2.75 ± 0.1 ‰, Δ13C = 0.75 ± 0.1 ‰), hereafter referred to as 
“conventional DF’s.”  Given that N. bredini’s DF values may be species specific and are so 
different from the convention of Δ15N = 3 ‰ and Δ13C = 0-1 ‰ (reviewed in [13]), using both 
DF’s verified that the results were robust to the choice of DF.   

To reduce the number of sources in the model (reviewed in [14]), alpheid shrimp and 
worms were combined a priori because their stable isotope values did not differ statistically and 
the stomatopods handled them similarly (δ15N: P = 0.33, t12.05 = 0.88, n = 16; δ13C: P = 0.57, 
t13.89 = 0.33, n = 16) [1,14].  Snails and crabs were also combined (δ15N: P = 0.97, t21.42 = 0.04, n 
= 24; δ13C: P = 0.34, t20.19 = 0.98, n = 24).  Concentrations of carbon and nitrogen in each prey 
source were also included in the models (concentration dependence) [10].   

An uninformative Dirichlet prior, which assumes a generalist hypothesis that all prey are 
consumed in equal proportions [1,6], was used in the Bayesian models.  Three Markov chain 
Monte Carlo (MCMC) chains were used to fit the mixing model, and convergence was assessed 
using the Gelman–Rubin diagnostic [15].   

The six prey sources were then aggregated a posteriori into hard-shelled prey (clams, 
crabs, and snails) and soft-bodied prey (alpheid shrimp/ worms, brittle stars, fish) categories [14]. 
The categories were determined based on observations of prey handling during a feeding 
experiment conducted in [1].   
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To quantify diet specialization at the population level for each species, the specialization 
index, ε (Eq. 5 in [16]), was calculated from the mixing model estimates of dietary proportions.  
The specialization index ranges from 0 (ultra-generalist) to 1 (ultra-specialist).  Mixing model 
and specialization index results are presented as medians (95 % credible interval, CI).



5 

SUPPLEMENTARY TABLE 
 
Table S1. For comparison to the main model results, Bayesian mixing model median estimates 
[95 % CI] of the proportional contributions of all eight of the prey types to the ‘smasher’ and 
‘spearer’ diets are presented. Including all prey sources separately in the models resulted in high 
uncertainty in the posterior distributions. This was especially true for plankton in the model run 
with conventional DF’s. Thus, unlike with the other models, plankton was likely overrepresented 
in these model results. Prey are also aggregated a posteriori into two categories: soft-bodied and 
hard-shelled prey (italics).   
 
  experimental DF  conventional DF 

prey type  smasher (%) spearer (%)  smasher (%) spearer (%) 

soft-bodied   33.6 [12.6, 70.5] 76.0 [47.7, 93.9]  40.3 [16.5, 82.1] 79.6 [51.0, 95.8] 

   alpheid  3.8 [0.3, 18.3] 1.4 [0.1, 8.5]  5.9 [0.4, 24.4] 2.6 [0.2, 14.5] 
   fish  9.7 [3.8, 23.1] 52.4 [28.2, 77.0]  6.8 [0.8, 21.1] 16.1 [0.3, 41.9] 
   plankton  16.0 [2.0, 45.2] 14.3 [0.6, 54.9]  17.0 [3.3, 33.9] 42.3 [2.2, 65.5] 
   worm  5.0 [0.3, 20.9] 1.9 [0.1, 10.8]  13.7 [0.9, 40.4] 7.3 [0.4, 33.3] 

hard-shelled   54.2 [12.6, 79.9] 17.6 [2.6, 46.8]  59.7 [17.9, 83.5] 20.4 [4.2, 49.0] 

   clam  44.5 [6.9, 68.8] 13.3 [1.5, 37.4]  12.5 [0.1, 38.5] 7.0 [0.4, 46.9] 
   crab  2.8 [0.2, 12.7] 11.0 [0.1, 6.1]  4.1 [0.3, 19.4] 2.1 [0.1, 14.3] 
   hermit crab  4.0 [0.3, 15.3] 1.3 [0.1, 6.2]  18.4 [1.4, 40.6] 4.3 [0.5, 14.9] 
   snail  3.7 [0.2, 16.1] 1.4 [0.1, 9.1]  6.2 [0.4, 26.9] 3.1 [0.2, 23.2] 
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SUPPLEMENTARY FIGURES 

 

Figure S1.  (a,c) Stable isotope values of the stomatopod species and their prey and (b,d) mixing 
model results based on (a,b) the experimental DF’s and (c,d) the conventional DF’s.  (e) 
Differences between the estimated proportions calculated with the experimental and 
conventional DF’s.  Figures (a,b,e) are repeated here from the main text in order to compare 
them with the results from the models run with (c,d) the conventional DF’s. For detailed 
descriptions of symbols and boxplots, see figure 2 in the main text. 
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Figure S2.  Diagnostic matrix plots or “pairs plots” of the prey diet proportions estimated from 
the mixing model run with experimental DF’s.  The upper-triangle of graphs has contour plots 
that show whether pairs of posterior distributions are correlated, the diagonal shows histograms 
of the proportional contribution estimates, and the lower-triangle shows the numerical correlation 
coefficients between the different sources.  The high, negative correlation coefficients in this 
model signify that the model struggled to differentiate between clams and plankton.  It is 
therefore possible that clams are over-represented in both the spearer and smasher diets.  

alpheid shrimp/ 
worm

0.0 0.4 0.8 0.0 0.2 0.4 0.0 0.3 0.6

0.
0

0.
2

0.
4

0.
0

0.
4

0.
8

−0.36

clam

−0.12 −0.20

crab/snail

0.
0

0.
2

0.
4

0.
0

0.
2

0.
4

−0.19 −0.037

fish

−0.23 −0.45 −0.14 0.19

hermit crab

0.
00

0.
15

0.
30

0.0 0.2 0.4

0.
0

0.
3

0.
6

−0.74

0.0 0.2 0.4

−0.035 −0.23

0.00 0.15 0.30

0.28

plankton

Posterior proportion distribution

Po
ste

rio
r p

ro
po

rti
on

 d
ist

rib
ut

ion



8 

 

 

Figure S3.  Diagnostic matrix plots or “pairs plots” of the prey diet proportions estimated from 
the mixing model run with conventional DF’s.  The upper-triangle has contour plots that show 
whether pairs of posterior distributions are correlated, the diagonal shows histograms of the 
proportional contribution estimates, and the lower-triangle shows the numerical correlation 
coefficients between the different sources.  The high, negative correlation coefficients in this 
model signify that the model is struggling to differentiate between clams and plankton and 
between alpheid shrimp/worms and hermit crabs.  It is therefore possible that plankton and 
alpheid shrimp/worms are underrepresented in the diet because these prey are found in smaller 
proportions compared to clams and hermit crabs, respectively. 
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Figure S4.  Prior and posterior density plots from the best fit Bayesian mixing model based on 
runs with experimental DF’s show the proportional contributions of hard-shelled prey (dark 
gray) and soft-bodied prey (light gray) in the smasher and spearer diets. Prey were aggregated a 
posteriori into into categories of hard-shelled prey (clams, crabs/snails, and hermit crabs; n = 41), 
and soft-bodied prey (alpheid shrimp/worms, plankton, and fish; n = 25). Despite (a) the 
uninformative prior of every prey being consumed in equal proportions, posterior densities from 
both the (b) smasher and (c) spearer show that the smasher consumes mostly hard-shelled prey 
and the spearer consumes mostly soft-bodied prey.  The posterior distributions of the spearer are 
slightly wider than those of the smasher, which helps to explains why the spearer is not anymore 
specialized than the smasher. 
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Figure S5.  Prior and posterior density plots from the best fit Bayesian mixing model based on 
runs with conventional DF’s show the proportional contributions of hard-shelled prey (dark 
gray) and soft-bodied prey (light gray) in the smasher and spearer diets.  Prey were aggregated a 
posteriori into categories of hard-shelled prey (clams, crabs/snails, and hermit crabs; n = 41), and 
soft-bodied prey (alpheid shrimp/worms, plankton, and fish; n = 25).  (a) An uninformative prior 
was used in the model.  Hard-shelled prey was notably present in higher proportions in (b) the 
posterior estimates of the smasher diet.  Soft-bodied prey was in higher proportions in (c) the 
posterior estimates of the spearer diet.  The posterior distributions of the spearer are considerably 
wider than those of the smasher, suggesting that the spearer diet may be wider than the smasher 
diet in this analysis. 
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